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Clinical PerspectiveWhat Is New?Survivors of massive and submassive pulmonary embolism experience persistent exertional symptoms, objective exercise impairments, and abnormalities of right ventricular size and function.Overall deconditioning may account for the observed symptom burden and impaired exercise function in this high‐risk population.What Are the Clinical Implications?Cardiopulmonary exercise testing is a safe and effective tool to ascertain the mechanisms of persistent symptoms in patients recovering from submassive and massive pulmonary embolism.Cardiac rehabilitation could be a highly valuable tool to promote exercise and symptom recovery following pulmonary embolism.Further investigation of the impact of cardiac rehabilitation on clinical outcomes in this population is warranted.

Introduction {#jah33000-sec-0008}
============

Acute pulmonary embolism (PE) is a common cardiovascular emergency with an estimated incidence of 1.12 cases per 1000,[1](#jah33000-bib-0001){ref-type="ref"} and is associated with ≈100 000 deaths annually in the United States.[2](#jah33000-bib-0002){ref-type="ref"} For survivors of an acute PE, long‐term outcomes exist along a continuum ranging from full recovery to severe permanent functional limitations with corollary right ventricular (RV) dysfunction,[3](#jah33000-bib-0003){ref-type="ref"} chronic thromboembolic pulmonary hypertension, and chronic thromboembolic disease.[4](#jah33000-bib-0004){ref-type="ref"}, [5](#jah33000-bib-0005){ref-type="ref"}, [6](#jah33000-bib-0006){ref-type="ref"} Objective data defining functional recovery and clinical correlates among survivors of acute PE are limited.

In patients with and without known cardiovascular disease, functional capacity as defined by measurement of peak oxygen consumption during cardiopulmonary exercise testing (CPET) is a well‐established and independent predictor of long‐term outcomes.[7](#jah33000-bib-0007){ref-type="ref"}, [8](#jah33000-bib-0008){ref-type="ref"} Importantly, this has been illustrated in a large study of patients recovering from acute myocardial infarction, recent coronary artery bypass grafting, or new ischemic heart disease.[8](#jah33000-bib-0008){ref-type="ref"} Comparatively, few studies have comprehensively examined the cardiopulmonary physiology of recovery following acute PE.[9](#jah33000-bib-0009){ref-type="ref"}, [10](#jah33000-bib-0010){ref-type="ref"}, [11](#jah33000-bib-0011){ref-type="ref"} Among acute PE survivors, cross‐sectional data derived from patient questionnaires,[12](#jah33000-bib-0012){ref-type="ref"}, [13](#jah33000-bib-0013){ref-type="ref"}, [14](#jah33000-bib-0014){ref-type="ref"} New York Heart Association (NYHA) functional class scoring,[15](#jah33000-bib-0015){ref-type="ref"} 6‐minute walk testing,[16](#jah33000-bib-0016){ref-type="ref"} and objective exercise testing[17](#jah33000-bib-0017){ref-type="ref"} suggest that functional limitations are common and of variable severity, but there are sparse longitudinal data examining functional capacity following acute PE. Thus, the natural history of acute PE recovery and the mechanisms underlying persistent functional limitations throughout the post‐PE recovery period remain unclear, and current venous thromboembolism guidelines are unable to provide specific guidance on participation in exercise following hospital discharge.[5](#jah33000-bib-0005){ref-type="ref"}, [18](#jah33000-bib-0018){ref-type="ref"}, [19](#jah33000-bib-0019){ref-type="ref"}

We therefore sought to examine exercise capacity and cardiopulmonary function among survivors of massive and submassive PE. We hypothesized that acute PE survivors would demonstrate clinically significant impairments of exercise capacity with concomitant and potentially explanatory cardiopulmonary dysfunction. To address this hypothesis, we studied acute PE survivors with clinical assessment, transthoracic echocardiography, and comprehensive cardiopulmonary exercise testing at 1 and 6 months following index PE presentation.

Methods {#jah33000-sec-0009}
=======

The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure as this was not part of our original Institutional Review Board approval.

Study Design {#jah33000-sec-0010}
------------

We utilized a prospective, longitudinal, repeated‐measures study design to examine functional capacity and clinical correlates among survivors of massive and submassive PE. This study was approved by the Partners Health Care Institutional Review Board, and all patients provided signed informed consent. The study cohort comprised patients who were treated at the Massachusetts General Hospital for acute PE as defined below. Our hospital utilizes an acute PE Response Team (PERT),[20](#jah33000-bib-0020){ref-type="ref"} which is routinely activated at the time of massive and submassive PE diagnosis. The PERT is then responsible for confirmation of the PE diagnosis, initial risk stratification, and acute therapeutic management. All patients with acute PE who were cared for by the PERT during the period spanning from February 2014 to February 2015 were screened for eligibility for the present study. Inclusion criteria included survival to hospital discharge and expressed intent to receive follow‐up care at our institution. Exclusion criteria were limited to an inability to perform supervised, laboratory‐based exercise testing because of a preexisting orthopedic, neurologic, or other functional limitation, anticipated life expectancy of \<6 months, electrocardiographic contraindications to CPET, or declined to provide consent.

Study data were obtained at 2 standardized time points that correlated with 1 and 6 months after the index PE presentation. At both time points, participants underwent clinical assessment, which included the following: ascertainment of the presence or absence of cardiovascular symptoms including the NYHA functional class and subjective exercise limitation; comprehensive resting transthoracic echocardiography (TTE); and CPET. An overview of the study design, participant recruitment, and participant attrition is shown in Figure [1](#jah33000-fig-0001){ref-type="fig"}.

![Study outline: All patients with acute high‐risk PE who were cared for by the PERT during the time period spanning from February 2014 and February 2015 were screened for eligibility for the present study. \*Patients deemed ineligible could not perform exercise because of neurologic or orthopedic issues, or declined to participate in the study. PE indicates pulmonary embolism; PERT, PE Response Team.](JAH3-7-e006841-g001){#jah33000-fig-0001}

Diagnosis and Risk Stratification of PE {#jah33000-sec-0011}
---------------------------------------

At the time of PERT activation, the diagnosis of acute PE was confirmed using computed tomography. Clinical risk stratification including the completion of TTE was performed within 24 hours of PE diagnosis in accordance with current American Society of Echocardiography guidelines.[21](#jah33000-bib-0021){ref-type="ref"} Submassive and massive PE were defined according to the American Heart Association definitions.[5](#jah33000-bib-0005){ref-type="ref"} Submassive PE was defined as acute PE without systemic hypotension but with either RV dysfunction or myocardial necrosis. RV dysfunction was defined by the presence of 1 or more of the following: (1) RV dilatation as defined by noninvasive imaging (TTE parameters defined below); (2) RV dysfunction detected by TTE (defined below), or electrocardiography[5](#jah33000-bib-0005){ref-type="ref"}; (3) elevation of N‐terminal pro‐brain natriuretic peptide according to age‐specific cut‐offs (\<50 years: \<450 pg/mL; 50--75 years: \<900 pg/mL; \>75 years: \<1800 pg/mL) or troponin‐T (\>0.03 ng/mL). Massive PE was defined by the presence of confirmed PE coupled with cardiogenic shock as defined by a systolic blood pressure \<90 mm Hg with no alternative explanation for hemodynamic collapse.[5](#jah33000-bib-0005){ref-type="ref"} Additional data obtained at the time of acute PE presentation included basic demographics, the presence or absence of comorbid medical conditions, the presence or absence of self‐reported symptoms associated with acute PE, and details about PE‐related treatment. PE treatment was at the discretion of the PERT and no attempt was made to alter treatment decisions based upon anticipated patient inclusion in this study.

CPET Protocol {#jah33000-sec-0012}
-------------

CPET was performed at 1‐ and 6‐month study visits using a maximal effort‐limited protocol with continuous electrocardiography and measurement of metabolic gas exchange. A single exercise physiologist and supervising study physician performed all testing. Participants abstained from all exercise for 24 hours before testing. The CPET protocol consisted of a graded maximal effort test performed on an upright electronically braked cycle ergometer (Excalibur; Medgraphics, St. Paul, MN). After a 3‐minute period of resting gas exchange measurement to ensure ventilatory equilibration, participants underwent a continuous ramp protocol (10--25 W/min) to volitional fatigue. Gas exchange data were measured breath‐by‐breath using a commercially available metabolic cart (Ultima CardiO~2~; Medgraphics, St. Paul, MN). Peak oxygen consumption ($\overset{˙}{V}$O~2~) was defined as the highest O~2~ uptake, averaged over a period of 30 seconds, during the last minute of symptom‐limited exercise.[22](#jah33000-bib-0022){ref-type="ref"} The ventilatory threshold was determined by the modified V‐slope method.[23](#jah33000-bib-0023){ref-type="ref"} A pulmonary mechanical limit to exercise was defined by a breathing reserve of \<10% at peak exercise or \<42% of maximal voluntary ventilation.[24](#jah33000-bib-0024){ref-type="ref"} Heart rate was continuously recorded during exercise using a wireless 12‐lead ECG system (Mortara X12+ Transmitter; Mortara Instruments, Milwaukee, WI). Blood pressures were determined by auscultation using a manual sphygmomanometer before exercise, at 3‐minute intervals during exercise, immediately after peak exercise, and at 3‐minute intervals during recovery. Reference cut points defining normal cardiopulmonary exercise testing values were adopted from current guidelines, including abnormal RV/pulmonary vascular coupling defined as a VE/VCO~2~ slope \<33.[25](#jah33000-bib-0025){ref-type="ref"}

Transthoracic Echocardiography {#jah33000-sec-0013}
------------------------------

Cardiac structure and function were assessed using transthoracic echocardiography (ie33 and EPIQ, Philips, Amsterdam). Measurements were made off‐line by a single experienced investigator (DMD) who was blinded to study time point in accordance with current guidelines.[26](#jah33000-bib-0026){ref-type="ref"} The index TTE was a clinical study, while the TTEs at 1 month and 6 months were conducted according to a study protocol. All measurements were made in triplicate. Left ventricular (LV) single‐dimension parameters and transmitral velocities were measured in standard fashion. LV volumes, ejection fraction, and left and right atrial volumes were calculated using modified biplane techniques.[26](#jah33000-bib-0026){ref-type="ref"} LV mass was calculated using the area--length method, and LV geometry was assessed using relative wall thickness. LV and RV myocardial tissue velocities were measured using pulse‐wave Doppler imaging and reported values represent the average of 3 consecutive cardiac cycles. RV end‐diastolic area, end‐systolic area, and fractional area change (FAC) were measured from an RV‐optimized apical 4‐chamber view according to American Society of Echocardiography guidelines.[21](#jah33000-bib-0021){ref-type="ref"} Peak tricuspid regurgitation velocity was obtained by selecting highest velocities from among RV‐inflow, parasternal short axis, apical 4‐chamber, and subcostal views. Pulmonary artery acceleration time was measured according to published methods.[27](#jah33000-bib-0027){ref-type="ref"} Measurements of RV function included tricuspid annular plane systolic excursion (TAPSE), RV FAC, and tissue Doppler--derived tricuspid lateral annular systolic velocity (S′). Reference cut points defining normal structure and function were adopted from published guidelines.[21](#jah33000-bib-0021){ref-type="ref"}, [26](#jah33000-bib-0026){ref-type="ref"} RV dilation was defined as a RV end‐diastolic area ≥24 cm^2^ in men and ≥20 cm^2^ in women. RV dysfunction was defined as the presence of a TAPSE of \<1.6 cm, basal RV free wall velocity (S′) \<10 cm/s, or RV FAC of \<0.35.

Computed Tomography Pulmonary Angiography {#jah33000-sec-0014}
-----------------------------------------

Imaging was performed with 16‐slice and 64‐slice scanners (Siemens Healthcare, Erlangen, Germany), and all images were reconstructed at 1.0‐mm slice thickness. Imaging parameters were 80 to 120 kVp and an effective milliampere of ≈200. All patients received 75 mL of iodinated contrast media (370 mg iodine per milliliter) via a power injector at a rate of 3 mL/s. Image acquisition was triggered with bolus tracking (80 HU threshold) on the main pulmonary artery. Axial 4‐chamber views were used to measure the maximal diameter of the right and left ventricles, and the RV:LV ratio was calculated.[28](#jah33000-bib-0028){ref-type="ref"}, [29](#jah33000-bib-0029){ref-type="ref"}

Statistical Methods {#jah33000-sec-0015}
-------------------

Normality of distribution was assessed using the Shapiro--Wilk test. Continuous variables are reported as mean value±SD for normally distributed continuous variables and median with interquartile range for non‐normally distributed variables. The Wilcoxon rank‐sum test was used to compare variables at 1‐ and 6‐month study visits. Mann--Whitney *U* test was used for nonparametric comparisons of unpaired data between included and excluded study subjects. Friedman\'s test was used for comparing multiple groups with nonparametric distribution followed by Wilcoxon rank‐sum test with post hoc Bonferroni correction to compare changes in metrics of RV size and function over time. Pearson χ^2^ test was used to examine the association between the composite of RV dilation and/or dysfunction (ie, RV impairment) and RV/pulmonary vascular coupling with symptom burden (NYHA class) and decreased exercise capacity (peak $\overset{˙}{V}$O~2~ \<80% of maximum predicted). Statistical analysis was done using IBM SPSS Statistics version 22. A *P* value of \<0.05 was considered significant for all analyses.

Results {#jah33000-sec-0016}
=======

Patient Population {#jah33000-sec-0017}
------------------

During the 12‐month study recruitment period, there were 156 submassive and massive PE patients treated in our PERT program. Of these, 13 patients died during index hospitalization and 125 were ineligible for the present study including 14 lost to follow‐up, 39 with cancer and life expectancy \<6 months, 11 with electrocardiographic contraindications to CPET, and 48 patients with orthopedic or neurologic physical limitations that precluded CPET participation (Figure [1](#jah33000-fig-0001){ref-type="fig"}). Among the 31 patients successfully enrolled in this study, a total of 20 patients (age=57±13 years, 8/20 female) completed all aspects of the study protocol and were thus included in the final analysis.

To examine the potential bias introduced by subject attrition, baseline clinical characteristics and exercise performance between patients included in the final analysis (n=20), those enrolled but were lost to longitudinal follow‐up (n=11) were compared (Tables [S1](#jah33000-sup-0001){ref-type="supplementary-material"} and [S2](#jah33000-sup-0001){ref-type="supplementary-material"}). Baseline demographics were comparable between those patients who completed the study and those lost to follow‐up. In addition, baseline characteristics of the studied patients (n=20) were also compared with those deemed ineligible (n=125), which revealed significant differences in presentation including the presence of dyspnea (100% versus 68.8%, *P*=0.003), RV dilation by echocardiography (55% versus 16.8%, *P*=0.001), RV dysfunction by echocardiography (85% versus 17.6%, *P*=0.001), treatment with thrombolytics (20% versus 2.4%, *P*\<0.001), and catheter‐directed thrombolysis (35% versus 8.8%, *P*=0.001). As such, our study population represents a relatively sick population of patients with submassive and massive PE without contraindications to aggressive therapeutic intervention.

Index Massive and Submassive PE Presentation {#jah33000-sec-0018}
--------------------------------------------

Patient characteristics at the time of index presentation are shown in Table [1](#jah33000-tbl-0001){ref-type="table-wrap"}. PE severity was classified as submassive in 17 and massive in 3 patients. Dyspnea at rest (NYHA Class IV) was reported by all participants at the time of diagnosis and was accompanied by chest pain in 8/20 (40%) and syncope in 5/20 (25%) (Figure [2](#jah33000-fig-0002){ref-type="fig"}). Cardiac biomarker profiling revealed elevations of cardiac troponin‐T in 60% (12/20) and N‐terminal pro‐brain natriuretic peptide in 60% (12/20) of patients. Electrocardiographic evidence of RV dysfunction was observed in 3/20 (15%) of patients. All patients with electrocardiographic evidence of RV strain also had echocardiographic RV dysfunction. In total, 17/20 (85%) of patients showed signs of RV dysfunction as defined by either an abnormal RV FAC, S′, or TAPSE. Specifically, 15/20 (75%) patients had a reduced RV FAC (\<0.35), 9/20 (45%) had a reduced S′ (\<10 cm/s), and 7/20 (35%) had a reduced TAPSE (\<1.6 cm/s). Echocardiographic‐detected RV dilation was observed in 11/20 (55%) patients and was accompanied by impaired RV systolic function in 10/11 (91%) patients. Pulmonary artery systolic pressure estimates derived from tricuspid regurgitant velocity and pulmonary artery acceleration time and indices of RV function are shown in Figures [3](#jah33000-fig-0003){ref-type="fig"} and [4](#jah33000-fig-0004){ref-type="fig"}. An estimated RV systolic pressure \>25 mm Hg was observed in 17/20 (85%) patients (median \[interquartile range\]=44.4 \[33.99--55.26\]). RV:LV ratio \>1.0 as detected by computed tomography pulmonary angiography was present in 16/20 (80%) with an average ratio of 1.5±0.29. Treatment of acute PE, administered at the discretion of the PERT, included administration of anticoagulation (100%), catheter‐directed therapy (7/20, 35%), intravenous thrombolysis (4/20, 20%), and placement of an inferior vena cava filter (3/20, 15%) (Figure [S1](#jah33000-sup-0001){ref-type="supplementary-material"}).

###### 

Demographics, Clinical Characteristics, and Management Strategies Among Acute High‐Risk PE Survivors (n=20) Who Completed All Aspects of a Serial Surveillance Protocol Post‐Index Event

                                                            Value
  --------------------------------------------------------- ----------
  Demographic data                                          
  Age, y                                                    57 (13)
  Female, n (%)                                             8 (40)
  Preexisting comorbid conditions                           
  COPD or asthma, n (%)                                     0 (0)
  CAD, n (%)                                                1 (5)
  Prior MI, n (%)                                           0 (0)
  CHF, n (%)                                                0 (0)
  Prior PE, n (%)                                           3 (16)
  Prior DVT, n (%)                                          4 (21)
  History of tobacco abuse, n (%)                           14 (70)
  Clinical characteristics at the time of PE presentation   
  Massive PE, n (%)                                         3 (15)
  Submassive PE, n (%)                                      17 (85)
  Presenting symptoms                                       
  Shortness of breath, n (%)                                20 (100)
  Chest pain, n (%)                                         8 (40)
  Syncope, n (%)                                            5 (25)
  Heart rate, bpm                                           106 (21)
  Systolic blood pressure, mm Hg                            124 (25)
  Diastolic blood pressure, mm Hg                           78 (11)
  Elevated troponin‐T, n (%)                                12 (60)
  Elevated NT pro‐BNP, n (%)                                12 (60)
  RV dilatation on TTE, n (%)                               11 (55)
  RV dysfunction on TTE, n (%)                              17 (85)
  RVSP, mm Hg                                               49 (15)
  Management strategy at the time of PE diagnosis           
  Anticoagulation, n (%)                                    20 (100)
  Intravenous thrombolysis, n (%)                           4 (20)
  Catheter‐directed therapy, n (%)                          7 (35)
  IVC filter, n (%)                                         3 (16)
  ECMO, n (%)                                               0 (0)

Data are presented as mean and SD unless otherwise indicated. bpm indicates beats per minute; CAD, coronary artery disease; CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; DVT, deep vein thrombosis; ECMO, extracorporeal membrane oxygenation; IVC, inferior vena cava; MI, myocardial infarction; NT pro‐BNP, N‐terminal pro‐brain natriuretic peptide; PE, pulmonary embolism; RV, right ventricle; RVSP, right ventricular systolic pressure; TTE, transthoracic echocardiogram.

![Change in New York Heart Association (NYHA) functional class from baseline at 1 and 6 months following acute high‐risk pulmonary embolism.](JAH3-7-e006841-g002){#jah33000-fig-0002}

![Changes in 2 estimates of pulmonary artery systolic pressure. A, Tricuspid regurgitant velocity (TRV) and (B) pulmonary artery acceleration time (PAAT) at 1 and 6 months following acute high‐risk pulmonary embolism. \**P*\<0.01 vs baseline. Circles represent outlier data points.](JAH3-7-e006841-g003){#jah33000-fig-0003}

![Changes in estimates of right ventricular RV function. A, Tricuspid annular plane systolic excursion (TAPSE), (B) RV free wall velocity (S′), (C) RV fractional area change (FAC), and (D) RV end‐diastolic area (RVEDA) at 1 and 6 months following acute high‐risk pulmonary embolism. \**P*\<0.01 vs baseline. Circles represent outlier data points.](JAH3-7-e006841-g004){#jah33000-fig-0004}

One‐Month Follow‐up {#jah33000-sec-0019}
-------------------

At 1 month following the index PE, shortness of breath at rest had resolved in all patients. However, 2/20 (10%) reported persistent exertional dyspnea during activities of daily living (NYHA Class III) and 7/20 (35%) reported dyspnea during any physical activity at an intensity above that required for activities of daily living (NYHA Class II) (Figure [2](#jah33000-fig-0002){ref-type="fig"}). CPET data at 1 month are shown in Table [2](#jah33000-tbl-0002){ref-type="table-wrap"}. All patients were in normal sinus rhythm before and throughout exercise testing and aside from rare premature atrial and ventricular extrasystoles, there were no inducible arrhythmias during exercise. Median peak $\overset{˙}{V}$O~2~ was 16.25 \[13.4--20.98\] mL/kg per minute, or 67.5% \[59.75--84.75%\] of age and sex peak predicted oxygen consumption with 12/20 (60%) patients demonstrating objective exercise impairment as defined by a peak $\overset{˙}{V}$O~2~ of \<80% of age--sex predicted maximal values (Figure [5](#jah33000-fig-0005){ref-type="fig"}). There was no significant association between NYHA Class II or greater symptoms (ie, those occurring during activities of daily living) and peak $\overset{˙}{V}$O~2~ of \<80% of age‐sex predicted maximal values at 1 month (*P*=0.9) or 6 months (*P*=0.2). Among patients with an impaired peak $\overset{˙}{V}$O~2~, no participants demonstrated evidence of a pulmonary mechanical limit to exercise (breathing reserve at peak exercise=43 \[28--65\]%). Chronotropic impairment (defined as failure to achieve \>80% of maximal predicted heart rate) was observed in 6/20 (30%), impaired oxygen pulse augmentation ($\overset{˙}{V}$O~2~/heart rate) was observed in 9/20 (45%), and a combination of chronotropic and oxygen pulse impairment was observed in the remaining 6/20 (30%). Echocardiographic data are shown in Table [3](#jah33000-tbl-0003){ref-type="table-wrap"}. Compared with index presentation, echocardiography revealed improvements in estimates of pulmonary arterial systolic pressure, including tricuspid regurgitant velocity and pulmonary artery acceleration time (Figure [3](#jah33000-fig-0003){ref-type="fig"}). In addition, improvements in RV size and function were observed compared with baseline as evidenced by improvement in echocardiographic measures of RV end‐diastolic area and estimates of systolic function, including TAPSE, RV S′, and RV FAC (Figure [4](#jah33000-fig-0004){ref-type="fig"}). However, persistent RV dysfunction was evident in 7/20 (35%) and RV dilation was also present in 7/20 (35%). RV dilation was accompanied by RV dysfunction in 1/7 (14%) of patients. Among patients with a peak $\overset{˙}{V}$O~2~ of \<80% at 1 month, only 4 had echocardiographic evidence of RV dysfunction. There was no relationship between RV impairment (ie, the composite of RV dilation and/or dysfunction) with reduced exercise capacity defined as a peak $\overset{˙}{V}$O~2~ of \<80% (*P*=0.44) or with NYHA Class II or greater symptoms (*P*=0.64).

###### 

Cardiopulmonary Exercise Testing Parameters Among Acute High‐Risk PE Survivors (n=20)

   Parameter                                                           1 Mo                    6 Mo                    *P* Value
  -------------------------------------------------------------------- ----------------------- ----------------------- -----------
  Resting vital signs and pulmonary function data                                                                      
  Heart rate, bpm                                                      85 \[69--96\]           87 \[71--94\]           0.73
  Systolic blood pressure, mm Hg                                       134 \[126--148\]        125 \[115--143\]        0.02
  Diastolic blood pressure, mm Hg                                      80 \[76--84\]           76 \[73--84\]           0.19
  Forced expiratory volume---1 s, L/min                                2.9 \[2.0--3.7\]        2.8 \[2.0--3.7\]        0.06
  Percentage of maximal predicted FEV~1~, %                            97.5 \[80.5--105.8\]    97.0 \[81.3--103.8\]    0.20
  FVC, L                                                               3.7 \[2.6--5.1\]        3.88 \[2.6--4.8\]       0.93
  Percentage of maximal predicted FVC, %                               93.5 \[82.0--100.8\]    93.0 \[86.3--99.5\]     0.81
  Cardiopulmonary exercise data                                                                                        
  Total exercise time, min                                             10.3 \[8.8--12.8\]      11.3 \[8.8--13.0\]      0.07
  Peak power, W                                                        151.0 \[72.8--207.3\]   163.5 \[78.8--202.0\]   0.12
  Peak $\overset{˙}{V}$O~2~, L/min                                     1.66 \[1.20--2.24\]     1.77 \[1.07--2.39\]     0.26
  Body mass index peak $\overset{˙}{V}$O~2~, mL/kg per min             16.3 \[13.4--21.0\]     17.5 \[14.1--22.5\]     0.31
  Percentage of predicted peak $\overset{˙}{V}$O~2~, %                 68 \[60--85\]           73 \[61--90\]           0.12
  Peak respiratory exchange rate                                       1.2 \[1.1--1.3\]        1.3 \[1.2--1.3\]        0.36
  Peak heart rate, bpm                                                 150 \[114--164\]        151 \[111--164\]        0.72
  Percentage of predicted peak heart rate, %                           94 \[74--101\]          89 \[70--99\]           0.30
  Peak systolic blood pressure, mm Hg                                  180 \[160--194\]        179 \[164--196\]        0.93
  Peak diastolic blood pressure, mm Hg                                 80 \[80--84\]           80 \[71--88\]           0.38
  Peak O~2~ pulse, mL/beat                                             11 \[9--16\]            12 \[9--16\]            0.02
  Percentage of predicted peak O~2~ pulse, %                           82 \[71--91\]           80 \[72--100\]          0.60
  Breathing reserve at peak exercise, %                                43 \[28--65\]           42 \[25--63\]           0.43
  Overall VE/ VCO~2~                                                   27.3 \[23.3--32.0\]     25.9 \[22.4--30.0\]     0.06
  $\overset{˙}{V}$O~2~ at ventilatory threshold, mL/kg per min         12.2 \[10.7--13.6\]     12.8 \[10.2--15.1\]     0.19
  Ventilatory threshold VO~2~ as a % of peak $\overset{˙}{V}$O~2~, %   71.5 \[61.3--83.0\]     71.5 \[63.8--75.3\]     0.76

All data are presented as median and interquartile range \[IQR\]. Wilcoxon rank sum test was used to compare medians. bpm, beats per minute; FEV~1~ indicates forced expiratory volume in 1 s; FVC, forced vital capacity; PE, pulmonary embolism; VE/VCO~2~, ratio of minute ventilation (VE) to carbon dioxide output (VCO~2~) during exercise.

![Patterns of cardiopulmonary exercise testing measure of peak VO~2~ consumption at 1 and 6 months following acute high‐risk pulmonary embolism.](JAH3-7-e006841-g005){#jah33000-fig-0005}

###### 

TTE Characteristics Among Acute Severe PE Survivors (n=20)

  Parameter                First TTE                Second TTE                *P* Value
  ------------------------ ------------------------ ------------------------- -----------
  Left heart parameters                                                       
  LA volume, mm^3^ (SD)    60.0 \[49.3--75.7\]      63.83 \[54.6--79.46\]     0.30
  IVS, mm                  9.5 \[8.4--11.0\]        10.5 \[8.3--11.7\]        0.04
  PWT, mm                  8.5 \[7.43--10\]         9.23 \[7.6--10.0\]        0.81
  LVIDd, mm                45.5 \[40.3--52.0\]      44.83 \[40.3--51.0\]      0.84
  LVIDs, mm                30.3 \[27.4--37.3\]      28.33 \[24.8--37.8\]      0.08
  EDV, mL                  117.8 \[84.7--131.4\]    117.85 \[74.9--131.6\]    0.95
  ESV, mL                  51.1 \[36.6--76.1\]      56.4 \[37.3--75.7\]       0.63
  EF, %                    0.50 \[0.5--0.5\]        0.50 \[0.50--0.55\]       0.72
  LV mass, g               147.9 \[110.7--160.1\]   147.85 \[124.6--176.6\]   0.26
  E, cm/s                  65.0 \[51.6--79.0\]      72.94 \[56.0--83.3\]      0.09
  A, cm/s                  68.6 \[55.3--93.5\]      63.2 \[49.6--90.7\]       0.18
  E′, cm/s                 10.0 \[7.3--13.5\]       8.73 \[7.4--11.9\]        0.31
  A′, cm/s                 10.3 \[9.4--11.8\]       11.0 \[9.57--12.5\]       0.28
  Right heart parameters                                                      
  RA volume, mL            53.2 \[42.1--80.1\]      56.62 \[39.2--68.1\]      0.99
  RV EDA, cm^2^            23.0 \[18.6--25.4\]      22.57 \[15.7--25.8\]      0.66
  RV ESA, cm^2^            14.7 \[11.5--16.1\]      13.15 \[9.82--17.57\]     0.59
  RV FAC, %                0.4 \[0.3--0.4\]         0.4 \[0.3--0.4\]          0.94
  S′, cm/s                 12.5 \[19.4--25.4\]      12.33 \[10.7--14.0\]      0.45
  TRV (≤2.5), m/s          2.3 \[2.2--2.5\]         2.3 \[2.0--2.5\]          0.55
  PAAT (\>130), ms         138.5 \[114.8--144.6\]   132.7 \[114.7--143.3\]    0.28
  TAPSE, mm                22.0 \[19.4--25.4\]      22.25 \[19.6--26.1\]      0.38

All data are presented as median and interquartile range \[IQR\]. Wilcoxon rank sum test was used to compare paired medians. A‐ indicates mitral late peak diastolic flow velocity; A\', maximal late mitral annular Doppler velocity; E, mitral early peak diastolic flow velocity; E′, maximal early mitral annular Doppler velocity; EDA, end diastolic area; EDV, end diastolic volume; EF, ejection fraction; ESA, end systolic area; ESV, end systolic volume; FAC, fractional area change; IVS, interventricular septum thickness; LA, left atrium; LV, left ventricle; LVIDd, left ventricular internal diameter end diastole; LVIDs, left ventricular internal diameter end systole; PAAT, pulmonary artery acceleration time; PWT, posterior wall thickness; RA, right atrium; RV, right ventricle; S′, RV free wall velocity; TAPSE, tricuspid annular plane excursion velocity; TRV, tricuspid regurgitant velocity; TTE, transthoracic echocardiogram.

Six‐Month Follow‐up {#jah33000-sec-0020}
-------------------

Subjective functional capacity at 6 months was similar to that reported at 1‐month follow‐up. Specifically, all patients who reported excessive dyspnea during physical activity at an intensity above that required for activities of daily living at 1‐month post PE remained similarly affected and the 11/20 (55%) patients who were asymptomatic at 1 month remained in this condition (Figure [2](#jah33000-fig-0002){ref-type="fig"}). The 2 patients who previously reported dyspnea during activities of daily living (NYHA Class III) now noted dyspnea only during physical activity at an intensity above that required for activities of daily living (NYHA Class II). CPET data at 6 months are shown in Table [2](#jah33000-tbl-0002){ref-type="table-wrap"}. Notably, there were no significant changes among parameters defining exercise physiology during submaximal‐ or maximal‐effort exercise. Peak $\overset{˙}{V}$O~2~ values at 1 and 6 months were tightly correlated (*R*=0.96) and the overall incidence of impaired exercise capacity therefore remained similar in 12/20 (60%, Figure [5](#jah33000-fig-0005){ref-type="fig"}). In those patients with persistent subjective limitations at 6 months, there was a numerically lower peak $\overset{˙}{V}$O~2~ (19.5 versus 14.1, *P*=0.06). Echocardiographic data at 6 months are shown in Table [3](#jah33000-tbl-0003){ref-type="table-wrap"}. At 6 months, there were no significant or clinically meaningful differences in echocardiographic indices of cardiac structure and function compared with those observed at 1 month. Among patients with persistent RV dysfunction at 6 months, there was no difference in peak $\overset{˙}{V}$O~2~ (20.3 versus 17.3, *P*=0.67) compared with those patients with normal RV function. Additionally, 10/20 (50%) of those with an elevated troponin at baseline had either RV dilation or dysfunction at the 6‐month follow‐up. As observed at the 1‐month follow‐up, there was no relationship between RV impairment (ie, the composite of RV dilation and/or dysfunction) with reduced exercise capacity defined as a peak $\overset{˙}{V}$O~2~ of \<80% (*P*=0.44) or with NYHA Class II or greater symptoms (*P*=0.89).

Discussion {#jah33000-sec-0021}
==========

A recent meta‐analysis of symptomatic changes and quality of life following acute PE found that over one third of patients experience persistent, limiting symptoms (NYHA Class II‐IV).[30](#jah33000-bib-0030){ref-type="ref"} Persistent symptoms and functional limitations in patients with PE are thus common, but the distinct profile of recovery following submassive and massive PE is less well understood.[11](#jah33000-bib-0011){ref-type="ref"} In the present study, we investigated the symptom burden, exercise physiology, and cardiac structure and function during 6 months of follow‐up among survivors of massive and submassive PE with the following key findings. Most survivors of massive and submassive PE that we studied experienced persistent subjective exertional symptoms and objective impairments in peak exercise capacity up to 6 months following index PE presentation. In this cohort, RV dilation and dysfunction were common at both the 1‐ and 6‐month follow‐up time points. Importantly, we observed no meaningful relationships between RV structure, RV function, or pulmonary function during exercise and subjective symptom burden or objective exercise capacity. Hence, the high prevalence of persistent symptoms and impaired peak $\overset{˙}{V}$O~2~ among massive and submassive PE survivors does not appear to be dictated by cardiopulmonary insufficiency but rather overall deconditioning.

Studies on the natural history[31](#jah33000-bib-0031){ref-type="ref"}, [32](#jah33000-bib-0032){ref-type="ref"} and treatment[33](#jah33000-bib-0033){ref-type="ref"}, [34](#jah33000-bib-0034){ref-type="ref"}, [35](#jah33000-bib-0035){ref-type="ref"} of venous thromboembolism have primarily focused on clot resolution, complications related to clot progression and embolization, treatment‐related complications, and mortality. In longitudinal studies of symptomatic recovery in patients with submassive PE, a significant proportion of patients experience continued exercise impairments and poor overall self‐reported health.[14](#jah33000-bib-0014){ref-type="ref"}, [15](#jah33000-bib-0015){ref-type="ref"} In a randomized study of thrombolysis versus placebo in 1006 patients with submassive PE (PEITHO \[Pulmonary Embolism Thrombolysis\] trial), ≈33% of patients reported dyspnea or a subjective impairment in functional capacity at a median of \>3 years of follow‐up.[36](#jah33000-bib-0036){ref-type="ref"} Mechanisms underlying these findings remain speculative.[9](#jah33000-bib-0009){ref-type="ref"} We are aware of only 1 prior prospective study of patients with PE that utilized CPET and echocardiography in which Kahn et al examined 100 patients at 1 and 12 months following acute PE.[37](#jah33000-bib-0037){ref-type="ref"} In this study, nearly half of enrolled patients had exercise limitations 1 year after PE, and persistent exercise limitation was associated with worse health‐related quality‐of‐life metrics. Of note, this important prior work examined patients with PE of variable severity, and neither cardiac biomarker data nor echocardiographic data at index presentation were universally reported. To the best of our knowledge, this is the first prospective study to systematically characterize symptom burden, objective exercise capacity, and RV structure and function in a select population of patients with massive and submassive PE. Our use of a prospective study design, which leveraged the use of both biomarkers and echocardiography, ensured the enrollment of patients with massive and submassive PE. Importantly, it is this subset of PE patients that one would predict to have the most marked PE‐related exercise limitation and long‐term functional disability. Findings from the present study confirm the notion that exercise limitations are both common and persistent among massive and submassive PE survivors and now begin to shed mechanistic insights into this problem. In aggregate, our data suggest that impairments in physical function are not likely to be explained by concomitant cardiopulmonary pathology but rather by simple physical deconditioning.

In this study, we longitudinally evaluated symptomatic recovery among massive and submassive PE in conjunction with assessments of RV structure and function. RV dysfunction at the time of acute PE presentation is a well‐recognized determinant of PE‐related mortality.[38](#jah33000-bib-0038){ref-type="ref"}, [39](#jah33000-bib-0039){ref-type="ref"} Prior studies have typically reported a trend towards normalization of echocardiographic‐detected abnormalities of RV size and function.[40](#jah33000-bib-0040){ref-type="ref"}, [41](#jah33000-bib-0041){ref-type="ref"}, [42](#jah33000-bib-0042){ref-type="ref"}, [43](#jah33000-bib-0043){ref-type="ref"} However, prior studies did not specifically include focus on patients with massive and submassive PE as in the current study and relied on comparatively rudimentary echocardiographic assessment of the right ventricle. In this study, we utilized a comprehensive echocardiographic assessment that included 3 guideline‐recommended and relatively simple‐to‐use metrics of RV function that have prognostic data in a population of massive and submassive PE patients. In addition, we have incorporated RV FAC, which closely correlates with the magnetic resonance imaging reference standard for assessment of RV ejection fraction.[44](#jah33000-bib-0044){ref-type="ref"} Using this approach, we demonstrated that RV dilation and dysfunction are present in more than one third of massive and submassive PE survivors at 1 and 6 months following the index event.

CPET is an attractive tool for the assessment of post‐PE functional capacity, given its ability to measure a global response to exercise and to delineate between various potential sources of exercise limitation. Similarly, prior studies have documented reductions in peak $\overset{˙}{V}$O~2~ among PE survivors at various single time points following the index event.[17](#jah33000-bib-0017){ref-type="ref"}, [45](#jah33000-bib-0045){ref-type="ref"} Our data extend our understanding of functional impairment after acute massive and submassive PE in several ways. First, we confirm that reductions in peak oxygen consumption are common in this patient population (Figure [5](#jah33000-fig-0005){ref-type="fig"}). Second and more importantly, we show that reductions in peak $\overset{˙}{V}$O~2~ seen at 1 month persist up to 6 months after index presentation. Finally, our data, specifically the preservation of breathing reserve, normal ventilatory efficiency, and normal oxygen pulse values at peak exercise, indicate that impairments in peak $\overset{˙}{V}$O~2~ among massive and submassive PE survivors are not attributable to underlying RV impairment, RV‐pulmonary vascular coupling, or parenchymal lung disease but rather simple deconditioning.

These findings have immediate and significant clinical relevance. Quantification of exercise capacity using CPET is common and represents the standard of care for the management of patients with numerous common cardiovascular diseases including coronary artery disease, congestive heart failure,[46](#jah33000-bib-0046){ref-type="ref"} and pulmonary hypertension.[47](#jah33000-bib-0047){ref-type="ref"} In contrast, objective assessment of functional capacity is not routine in the management of acute PE survivors. Given the established relationship between functional impairment following PE and long‐term clinical outcomes, CPET testing may represent an opportunity to both risk stratify and thus tailor therapy among massive and submassive PE survivors. Specifically, the use of dedicated exercise training, ideally in the setting of cardiac rehabilitation programs, may hold tremendous benefit for acute PE survivors in a manner similar to that which is routine among patients following acute coronary syndromes.[48](#jah33000-bib-0048){ref-type="ref"} Future prospective studies defining the impact of cardiac rehabilitation among massive and submassive PE survivors will be required to clarify the role of this potentially important therapeutic option in patients recovering from acute PE.

Limitations {#jah33000-sec-0022}
-----------

We acknowledge several limitations of this study. First, the sample size was too small to allow meaningful subgroup analyses. However, our regimented, prospective patient follow‐up coupled with our detailed assessment of cardiopulmonary structure and function provide granular data in an understudied population of patients with PE. Second, we do not have echocardiographic or CPET data defining our patient population before their index PE presentation. Thus, we are unable to determine how much, if any, of the observed impairments preceded PE presentation. The possibility of premorbid deep vein thrombosis/PE and associated underlying chronic thromboembolic pulmonary hypertension may also contribute to the lack of observed improvement in functional improvement. Third, we acknowledge the potential for selection bias. While we did not observe differences between patients the patients who completed the study protocol and those who declined to participate in the 6‐month study visit, it is possible that those who declined did so because they had experienced marked subjective improvement. Additionally, compared with those excluded because of loss to follow‐up, the group that did complete the study protocol had a nonsignificant increased history of prior deep vein thrombosis/PE and received more therapeutic interventions, which may reflect features of a higher risk cohort. Lastly, the use of echocardiography as a tool for assessing the right ventricle is limited because of its complex 3‐dimensional geometry; other imaging modalities such as magnetic resonance imaging may provide more insight in future analyses.

Conclusion {#jah33000-sec-0023}
==========

The majority of massive and submassive PE survivors have persistent subjective and objective functional limitations and abnormalities in RV structure and function through 6 months of follow‐up after index PE presentation. Impairments in functional capacity appear unrelated to PE‐acquired focal cardiopulmonary impairment but rather to global deconditioning. Further study is warranted to examine the optimal role of CPET following massive and submassive PE and to what degree patients with functional impairment may benefit from directed therapeutic steps including formal cardiac rehabilitation.
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**Table S1.** Comparison of Baseline Characteristics Between Included and Excluded Patients

**Table S2.** First Cardiopulmonary Exercise Testing Characteristics in Patients Who Had Both CPET and in Those Who Had Only the First

**Figure S1.** Summary of individual subject baseline and key echocardiographic, cardiopulmonary exercise test findings, and symptoms. Brain natriuretic peptide (BNP), electrocardiographic (ECG) evidence of right ventricular (RV) strain, RV dilation or dysfunction by TTE, inferior vena cava (IVC), New York Heart Association (NYHA), cardiopulmonary exercise test (CPET) refers to the presence or absence of peak VO~2~ \<80% of max predicted. All parameters with (+) indicate either the presence of this finding or having received the treatment, and (−) indicate the absence of this finding or lack of treatment.
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